Abstract Properties of ρ-meson in symmetric nuclear matter are investigated within a light-front constituent quark model (LFCQM), using the in-medium input calculated by the quark-meson coupling (QMC) model. The LFCQM used here was previously applied in vacuum to calculate the ρ-meson electromagnetic properties, namely, charge G 0 , magnetic G 1 , and quadrupole G 2 form factors, as well as the electromagnetic radius and decay constant. We predict the in-medium modifications of the ρ-meson electromagnetic form factors in symmetric nuclear matter.
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The Light-front model
The electromagnetic current in the impulse approximation for the spin-1 bound state systems, with the plus component of the electromagnetic current J + , is given by,
where m is the quark mass, and ǫ 
and for the final state ρ-meson, 
with η ≡ −q 2 /4m
2 ρ > 0 (q; four-momentum transfer). The electromagnetic current, Eq. (1), is divergent, and in order to turn the Feynman amplitude finite, the regulator function Λ(k, p) is utilized [9] ,
here, the regulator mass m R , is chosen to reproduce the experimental value of the ρ-meson decay constant in vacuum, 156 ± 8 MeV [15] . The vertex with the spinor structure for ρ-qq is modeled by,
where, the ρ-meson is on-mass-shell, and its four momentum is p µ = k µ − k ′µ , the quark momenta are k µ and k ′µ , and their masses by m [9; 16]. The light-front ρ-meson wave function is obtained after the substitution of the on-mass-shell condition, k − = (k 2 ⊥ + m 2 )/k + in the propagator of the quark that absorbs the photon and in the corresponding regulator,
where the polarization state is given by ǫ i . The wave-function corresponds to an S-wave state [4] . The free quark-antiquark mass operator, and the M R function are given below,
In the case of spin-1 particles with the light-front approach, the matrix elements of the pluscomponent of the electromagnetic current, J + , is constrained by the angular condition [9; 17; 18] :
With the equation above, it is possible to express the electromagnetic form factors with different linear combinations [9; 17] , and eliminate some matrix elements I + m ′ m , (m ′ = 0, 1; m = ±1, 0). But, some linear combinations of the electromagnetic matrix elements, J + ji , break the covariance as well as the rotational symmetry, because the zero modes contributions or the pair terms [16; 19; 20] . In order to restore the covariance, it is necessary to add the pair-term contributions or zero modes [9; 16; 19] . The light-front and instant form spin bases are connected by the Melosh rotation matrix (see Ref. [9] for details).
However, in the combinations of the matrix elements of the electromagnetic current from Grach et al. [21] , the zero modes are canceled out. This was demonstrated numerically in Ref. [9] and analitically in Ref. [16] , since the electromagnetic matrix element of the current, I + 00 , was eliminated by the angular condition [9; 17; 21] .
The electromagnetic form factors with the prescription above, are given below in both the light-front spin basis, I + mm ′ , and the instant form spin basis, J + ji :
In next section, the light-front constituent quark model described above is applied to study the ρ-meson form factors in symmetric nuclear matter.
Rho-meson in-medium
The light-front model for the vector ρ-meson was developed in Ref. [9] in order to calculate the observables in vacuum. In the present work, we explore that model, to calculate the ρ-meson observables in symmetric nuclear matter (see Refs. [13; 14] for a review of in-medium quark and hadron properties). For modeling nuclear matter, "Quark-Meson Coupling" (QMC) model is utilized here, and combined with the light-front approach, analogous to that was done for the pion case with symmetric vertex for the pion-quark coupling [12; 22] . The QMC model, which describes nuclear matter based on the quark degrees of freedom, was introduced using MIT bag model by Guichon [23] , and Frederico et al. [24] with a confining harmonic potential. The model was successfully applied for finite nuclei [25] , and also mesons properties in medium [26] . In the QMC model, because of the surrounding medium, the bound state mesons and baryons are modified, compared with those in vacuum. For some properties calculated for symmetric nuclear matter, we show in Fig. 1 (negative of the binding energy), and summarize in table I. Table 1 The MIT bag model (see Ref. [26] for details) quantities and coupling constants, the parameter ZN , bag constant B (in B 1/4 ), and the properties for symmetric nuclear matter at normal nuclear matter density ρ0 = 0.15 fm −3 , for mq = 5, 220 and mq = 430 MeV. The effective nucleon mass, m * N , and the nuclear incompressibility, K, are quoted in MeV (the free nucleon bag radius used is RN = 0.8 fm, the standard value in the QMC model [26] ). Next, the main ingredients of the QMC model are presented in order to calculate the ρ-meson properties in medium. For the system of a uniform, spin-and isospin-saturated symmetric nuclear matter, the effective Lagrangian density is given by [26] ,
where L meson is the free meson Lagrangian,
and, ψ,σ andω are respectively the nucleon, Lorentz-scalar-isoscalar σ, and Lorentz-vector-isoscalar ω field operators, with the effective nucleon mass defined by,
In the present work, the nuclear matter is in its rest frame. For symmetric nuclear matter with the Hatree mean-field approximation, the baryon (ρ) and scalar (ρ s ) densities, are calculated as,
In the equations above, k F is the Fermi momentum, and m * N (σ) is the value of the effective nucleon mass at a given density, self-consistently calculated with the QMC model [25; 26] . The Dirac equations for the light quark and antiquark, are given by,
5 here, the Coulomb interaction is neglected, because the nuclear matter has the properties adequately described by the strong interactions, also, the SU(2) symmetry for the light quarks (m q = m u = m d ) is assumed. Because of the symmetric nuclear matter in Hartree approximation, V q ρ is zero. The bag radius in medium for the ρ-meson, R * ρ , is determined by the stability condition for the mass of the hadron against the variation of the bag radius [26] (see Eq. (16)), and, the eigenenergies in units of 1/R * ρ are given by,
The mass of the ρ-meson in medium is calculated with the expression below,
here,
, and x q being the lowest bag eigenfrequencies; and n q (nq), is the light-quark (light-antiquark) number. We show in Fig. 2 the calculated in-medium light-quark effective mass and the potentials (left panel), and the effective mass of the ρ-meson (right panel) in symmetric nuclear matter. In this study, the in-medium input calculated by the QMC model [26] , namely, the effective constituent quark mass m * q and effective ρ-meson mass m * ρ , and the light-front model for the ρ-meson [9] , are utilized in order to calculate the ρ-meson properties in symmetric nuclear matter.
For the constituent quark model with the light-front approach utilized here, the sum of the constituent quark masses forming the bound state ρ-meson should be larger than the bound ρ-meson mass for the vacuum case, as well as for the case of the ρ-meson in medium, since the constituent quark and antiquark masses as well as the effective ρ-meson mass decrease with increasing nuclear density (see Fig. 2 , and expected from the QMC model, similar to that found in the study of the pion case [12] ). 
Results and Conclusions
The LFCQM model scale is obtained by adjusting the value of the experimental ρ-meson decay constant in vacuum [15; 20] Fig. 3 Electromagnetic charge form factor, G * 0 (left), and magnetic form factor, G * 1 (right), both in symmetric nuclear matter, calculate by LFCQM [9] using the in-medium input obtained by the QMC model [26] . In-medium ρ-meson quadrupole electromagnetic form factor, G * 2 , in symmetric nuclear matter, calculate with QMC model [26] and LFCQM [9] . G * 0 , G 1 , and G * 2 in symmetric nuclear matter. The electromagnetic form factors, G * 0 , G * 1 and G * 2 , are appreciably modified by the medium effects compared with the vacuum case in Figs. 3 and 4 , the case ρ/ρ 0 = 0 (see also Ref. [9] ).
The charge electromagnetic form factor, G * 0 , has a zero both in vacuum and in medium in the present model, which is about q 2 zero ≃ 3.0 GeV 3 in vacuum [9] . It is very interesting to notice in Fig. 3 (left) that the zero of the charge form factor changes the positions for different nuclear densities due to the medium effects. As increasing nuclear density, the position of the zero shifts to the smaller Q 2 . The effects of nuclear medium for the magnetic moment of the ρ-meson is not so strong at Q 2 ≈ 0. In vacuum, the ρ-meson magnetic moment µ is about 2.20 [e/2m ρ ], and the value agrees with some recent works [27; 28] . At the maximum nuclear density considered here, the magnetic moment has the value of about 2.10, which shows the decrease of 4.5 % relative to the value in vacuum. However, the magnetic form factor decreases as increasing nuclear density and momentum transfer (Q 2 ), as shown in Fig. 3 (right) , for six different nuclear densities.
Above the nuclear density ρ/ρ 0 = 0.75, the quadrupole form factor G * 2 changes the behavior, and increases (see Fig. 4 ). The non-zero values for the quadrupole moment is a consequence of the relativistic character of LFCQM. In addition, the reduction rate as increasing Q 7
In conclusion, we have studied the ρ-meson electromagnetic form factors in symmetric nuclear matter, charge, magnetic and quadrupole form factors up to 10 GeV 2 , with a relativistic constituent quark model in the light-front and using the in-medium input obtained by the QMC model. The modifications of the form factors due the medium effects are quite appreciable. The main point of this study is to explore the effects of the medium with well-established model in the literature in the vacuum case [9] , and compare with the results with those in symmetric nuclear matter.
